ABSTRACT
INTRODUCTION
High Content Screening (HCS) is a new, whole cell-based screening approach that generates information-rich data regarding the effects of potential drug candidates on multiple cellular targets from a cell-by-cell or population basis (12, 13) . HCS can be performed on the ArrayScan II System (Cellomics ™, Pittsburgh, PA, USA), a high-resolution imaging and analysis platform that quantifies the spatial and temporal distributions of multiple fluorescently labeled cell constituents inside living cells. Changes in the distribution of fluorescent cellular markers over space and time are automatically analyzed using sophisticated image-based algorithms. Optimized protocols and combinations of validated fluorescent reagents are provided in the HitKit ™ series of screening kits (Cellomics) to facilitate HCS assays, with each kit focusing on specific cellular activities and targets. This paper describes the practical application of the ArrayScan II System to screen for compounds that affect the internalization, recycling and intracellular trafficking of the transferrin receptor (TfR) using the Receptor Internalization and Trafficking application and the Transferrin Receptor HitKit. This same application was used to quantify the activation of the parathyroid hormone receptor (PTHR).
Integral membrane proteins and macromolecules that are endocytosed at the cell surface have different intracellular itineraries and fates (14, 19) . Endocytosed receptors that recycle back to the plasma membrane traffic through a compartment known as the endocytic-recycling compartment (ERC) (Figure 1 ). In many cell types (14, 19) , the ERC containing fluorescently labeled receptors appears as a fluorescent spot in a peri-nuclear location (7, 10, 17) . Many physiologically important macromolecules traffic through or associate with the ERC, including (i)receptors that constitutively internalize and then recycle such as the TfR and the low-density lipoprotein receptor (19) ; (ii) many GPCRs that are internalized following agonist stimulation and desensitization and then recycle back to the plasma membrane by way of the ERC during resensitization (2, 6, 16, 25) ; (iii)various lipids (17, 20) ; (iv) glycosylphosphatidylinositol-anchored proteins (18) ; (v) cholesterol and analogs (21) ; and (vi) other trafficking-related proteins (3, 8, 10, 15, 27 ).
An assay to quantify internalization, recycling or association with the ERC can be used to screen for and characterize compounds that affect many physiological processes. Because intracellular trafficking involves the redistribution of macromolecules in cells, it is best quantified by a high-resolution, cellular-imaging approach that can discern subcellular events and targets. TfR is used to characterize this internalization and recycling pathway because its ligand, Tf, stays bound to the receptor during its intracellular trafficking itinerary (19) . Fluorescently labeled Tf can be used to monitor TfR internalization, recycling and also to determine the specificity of compounds that affect association of other macromolecules with the ERC. For example, compound treatment causing reduced association of a GPCR with the ERC could be caused by its being either an antagonist or a general endocytosis inhibitor. Assaying its effect on the trafficking of the TfR will help distinguish between these possibilities.
Cellomics has developed an HCS application that detects the presence of internalized fluorescently labeled receptors in the ERC (2) and optimized fluorescent reagents for use with the application to assay for Tf trafficking and association with the ERC. We demonstrate the use of the TfR HitKit and the Receptor Internalization and Trafficking application in screening assays for TfR internalization and recycling. We also describe our use of this application to assay for the activation and internalization of PTHR.
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MATERIALS AND METHODS
The key components in the TfR HitKit are diferric transferrin conjugated to the fluorophore, Alexa ™546 (AxTf; excitation and emission maxima at 554 and 570 nm), and the fluorescent nucleic acid stain, Hoechst 33342 (excitation and emission maxima at 350 and 461 nm). These can be used to assay for either TfR internalization or TfR trafficking from the ERC back to the plasma membrane.
In these assays, COS-1 cells were plated in 96-well, optically clear-bottomed microplates (Packard Instrument, Meriden, CT, USA) at 10 4 cells/well, 18 h before the experiment in McCoy5A medium with 5% fetal bovine serum (FBS) and 4 µ M deferoxamine mesylate (Sigma, St. Louis, MO, USA). To assay for TfR internalization, the medium was removed, the cells were rinsed twice with Eagle's minimum essential medium (EMEM) and then incubated at 37°C for 45 min with 20 µ g/mL AxTf before being rinsed twice with PBS. This allows AxTf time to bind to its receptor, internalize and traffic to the ERC (9, 11, 19) . AxTf in the ERC appears as a bright red, fluorescent spot adjacent to each nucleus. The wells to be analyzed for TfR internalization were fixed at room temperature for 30 min with 100 µ L/well of 3.7% formaldehyde solution that also had 10 µ g/mL Hoechst 33342, the nucleic acid stain. The Hoechst-labeled nuclei emit blue fluorescence and are used to count all the cells. To assay for TfR recycling after AxTf incubation and removal, the wells were incubated at 37°C for 60 min with EMEM containing 10% FBS. The cells were then rinsed with PBS and fixed as described earlier.
Where indicated, the cells were incubated concurrently with AxTf and 250-400 µ M monodansyl cadaverine.
Assays on HEK293 cells expressing a PTHR, conjugated by way of its C-terminal cytoplasmic tail to a GFP, have been described elsewhere (2) . These cells were plated in 96-well, optically clear-bottomed microplates at a density of 10 4 cells/ well in HEPES-buffered DMEM/F12 medium with 10% fetal bovine serum and 1% penicillin/streptomycin, two days before the experiment. For the experiments, the cells were treated with a 100-nM parathyroid hormone (PTH) solution in the same medium at 22°C for 2 h before fixing with the formaldehyde/Hoechst solution for 10 min, followed by rinses.
For sample analysis, prepared plates were loaded onto the ArrayScan II System. Using the Receptor Internalization and Trafficking application, the ArrayScan II automatically read and analyzed the images collected from multiple fluorescent channels. In each well, cell fields were automatically located, focused on and exposed according to user-defined and application-specific criteria. Multiple channels enabled simultaneous quantification of multiple targets in the same cell, field of cells or a subpopulation within cell fields, specifically the Hoechst-labeled nuclei, the PTH receptor and the AxTf in the blue, green and red channels, respectively.
One field per well was imaged using a 10 × objective lens with an average of 350 cells detected per field. Approximately 20 min were required to image and analyze a 96-well plate. For each well, the Receptor Internalization and Trafficking application reported (i) the number of nuclei (i.e., cells) and their area; (ii) the number and percentage of cells with fluorescently labeled receptors in the ERC; (iii) the average and the total areas of the ERC spots; and (iv ) the average and total integrated intensities of these spots. The fluorescent ERC spots containing internalized receptors were identified by their intensity, area and shape. Further details on the image analysis and use of the ArrayScan System are described elsewhere (2, 5, 12) . After scanning, the plate data were reviewed and exported to an Excel ® spreadsheet using the Cellomics ™ Data Viewer software. The image data were also saved and used to corroborate the numerical data. Figure 1 , B and C, show the internalization and recycling of the TfR, respectively, illustrating the utility of fluorescently labeled Tf as a marker for its receptor's internalization and recycling. Bright peri-nuclear staining, typical of internalized receptor in ERC, was observed ( Figure 1B) . Faint staining of recycled receptors ( Figure 1C ) was observed following successful incubation of cells in nonfluorescent chase medium. Figure 2A shows the results from a 96-well plate in which half the wells (columns 7-12) contained cells with internal172BioTechniques
RESULTS
Figure 2. TfR internalization and recycling quantification. (A)
Results from a 96-well plate in which internalization was allowed to occur in half the wells by incubating them with 20 µ g/mL AxTf for 45 min at 37°C. Internalization was blocked and AxTf remained on the cell surface in the remaining wells by incubating them with AxTf at 4°C. (B) Results from a plate in which internalization was allowed to occur in all the wells as just described, but then half the wells were fixed (internalization conditions), and the remaining wells were incubated in fresh, nonfluorescent chase media for an additional 60 min to measure receptor recycling. In this time, most of the TfR exited the ERC, resulting in little fluorescence remaining. Both plates were imaged and analyzed on the ArrayScan II. Plotted is the percentage of cells with internalized AxTf for each well. The mean maximum and minimum values are shown by the red line, and the 99 percentiles are shown by the green lines. To determine how well an assay performed, the signal-to-noise ratio, defined as , and the Z-factor, defined as were calculated, where the maximum signal wells give a mean result of µ C+ with an SDσ C+ , and the minimum signal wells give a mean result of µ C-with an SD σ C-.
ized AxTf, and the remaining wells (columns 1-6) contained AxTf that did not internalize but remained on the surface. The surface-bound, noninternalized condition was achieved by incubating the cells with AxTf at 4°C instead of 37°C. The percentage of cells with internalized AxTf is plotted for each well (Figure 2A) , and the mean and SDwas 72.6 ± 4.1 for the positive wells (internalization) and 0.3 ± 0.3 for the negative wells (no internalization). These results give a high signal-tonoise ratio (17.6) between the internalized and noninternalized conditions; thus, this internalization assay provides a significant window between the positive and negative conditions to allow for screening. Figure 2B shows the results from a plate in which half the wells were treated for AxTf internalization (columns 7-12) and the rest were treated for AxTf recycling (columns 1-6). Under recycling conditions, little staining was observed, which was consistent with successful TfR recycling from the ERCs ( Figure 1C) . The mean percentage of cells containing internalized AxTf was 82.1 ± 4.7, compared to 6.9 ± 2.1 for the recycled wells, giving a signal-to-noise ratio of 14.6.
To evaluate these assays for their suitability for screening and to compare them to other assays, we calculated their Zfactor (28) . This dimensionless statistical parameter is used to evaluate an assay for its suitability for screening and to compare it to other assays. The results shown in Figure 2 gave Zfactors of 0.82 and 0.73, confirming that these are excellent assays for screening, with large separation bands between the negative and positive responses (28) . An AxTf internalization assay validation was performed in which two plates were prepared for maximum internalization, two prepared for minimum internalization, and two made for half-maximal and half-minimal internalization on three separate days with the TfR HitKit and run on the ArrayScan II System. This validation gave a mean Z-factor of 0.73 ±0.12, a mean signal-tonoise ratio of 13.3 ±4.0 and a maximum signal plate well variation of less than 10%. The high signal-to-noise and Zfactors, plus the low variability between wells, indicate this is a robust assay for screening.
The transglutaminase inhibitor, monodansyl cadaverine (MDC), impedes internalization and trafficking to the ERC (4) and was used as a demonstration compound. To measure MDC's IC 50 concentration for TfR internalization, cells were co-incubated with AxTf and different concentrations of MDC and then treated as before and scanned on the ArrayScan II System. The percentage of cells with internalized AxTf was plotted (Figure 3) , giving an IC 50 value of 211 ± 4 µ M within the range of other reports (1,4,22-24,26) . MDC can be toxic and cause cell loss. The ArrayScan II System simultaneously counts the number of cells remaining, which is used as a measure of toxicity (Figure 3 ). Other studies that used MDC did not account for its toxic effects at high doses, which likely contributes to the variability in reported IC 50 values (1, 4, (22) (23) (24) 26) . This demonstrates that the Receptor Internalization and Trafficking application on the ArrayScan II can be used to determine compound dose-response curves, toxicity and IC 50 or EC 50 values.
The Receptor Internalization and Trafficking application can also quantify the association of other receptors with the ERC. The presence of a GPCR in the ERC indicates it has been stimulated by an agonist, and quantifying it is a method to assay for GPCR activation. To demonstrate this, a physiologically functional GFP conjugate of the PTHR expressed in HEK293 cells was used (2) . In this assay, the majority of the GFP-PTHR was on the cell surface and gave a diffuse staining pattern. When the cells were treated with PTH, GFP-PTHR internalization and trafficking to the ERC occurred, resulting in the typical discrete punctate peri-nuclear staining. Figure 4A depicts half a 96-well plate treated with PTH to induce internalization. The number of cells with internalized GFP-PTHR detected is plotted for each well. The signal-to-noise ratio between the stimulated and unstimulated wells was 6.9. Out of a total of 24 experiments (eight plates, each run on three different ArrayScan II instruments), the mean number of cells with internalized GFP-PTHR for the stimulated wells was 303.3 ± 2.5, compared to 74.7 ±0.7 for the vehicle-treated wells; the mean signal-to-noise value was 5.3 ± 0.9. Further details of this screening assay have been reported elsewhere (2) . Figure 4B shows a dose-response curve for PTH stimulation, where PTHR-GFP expressing cells were treated with varying concentrations of PTH and then imaged on the ArrayScan II. The EC 50 associated with PTHR internalization with this assay was 8.6 ± 0.6 nM, which is in the same range as in other reports (2) . GPCRs that do not internalize or are destined for degradation through the use of the lysosomal pathway will not be detected by this assay because the application is optimized to analyze internalized GPCRs located in a compact fluorescent peri-nuclear spot.
DISCUSSION
We demonstrate three quantitative HCS assays: GPCR internalization, TfR internalization and TfR recycling. The receptor internalization and trafficking application measures compound effects on the ligand-induced internalization and recycling of GPCRs, physiologically functional GPCR chimeras and non-GPCRs. Also, the assays distinguish and quantify agonist and antagonist responses, and determine their toxicity and effective concentration ranges. They demonstrate low-variability, high-dynamic ranges and high signal-to-noise ratios, forming the basis of a robust screening platform. Cellular activities such as intracellular trafficking that involve the redistribution of macromolecules within the cell are best quantified by high-resolution imaging on whole cells such as that achievable by the ArrayScan II System, rather than total intensity changes or population responses. Further, the fully automated multiplexing capability of the ArrayScan II System uniquely allows for the simultaneous monitoring of and crosscorrelation among multiple targets in the same cell. Examples include activation of several different GPCRs, second messengers and transcription factors, along with compound cytotoxicity information, defining Cellomics' High Content Screening approach to drug discovery.
